France is the second largest exporter of cereals in the world. Although the cereals supply chain is an asset 2 for the country's economy and employment, it is at the same time responsible for a number of pressures 3 on the local and global environment including greenhouse gases (GHG) emissions and stresses on water 4 quality and quantity. This article aims at evaluating this situation from an environmental point of view by 5 linking productions occurring in French regions with consumptions occurring in France and abroad. Based 6 on previous work on Material Flow Analysis, we use an Absorbing Markov Chain model to study the fate of 7 French cereals and link worldwide consumptions to environmental pressures along the supply chain, that is, 8 induced by production, transformation or transport. The model is based on physical supply and use tables and 9 distinguishes between 21 industries, 22 products, 38 regions of various spatial resolution (22 French regions, 10 10 countries, 6 continents) and 4 modes of transport. Energy use, GHG emissions, land use, use of pesticides 11 and blue water footprint are studied. Illustrative examples are taken in order to demonstrate the versatility 12 of the results produced, for instance: Where and under what form does local production end up? How do 13
adopt a downstream and an upstream perspective. The AMC model implemented is inspired by the one 126 proposed by Duchin and Levine (2013) . The main difference is that we build the tables directly from our 127 MFA data and not from Input-Output tables. A smaller difference is in the way we deal with transport sectors 128 (we associate each transport flow with the product traded whereas they rather model the trade of transport 129 services between regions). 130 Flows through a (spatialized) supply chain can be seen as changes of state of the quantities involved. Af-131 ter being normalized, they can be interpreted as transition probabilities. Note that the underlying assumption 132 here is a perfect blend between local production and imports: without additional information we assume 133 once a product is available in a region, its use is independent from its geographical origin. As explained 134 by Duchin and Levine (2010) , "for any system represented by n states, the parameters of an AMC are the 135 probabilities of directly transitioning from one state to another; they are contained in an n × n transition 136 matrix M". M i j describes the likelihood of transitioning from state i to state j. Therefore the sum of any 137 row equals 1. State i is called an absorbing state if M ii equals 1, meaning it can no longer be exited. In our 138 model, this is the case for end-products that are consumed and for losses. The M matrix can be put into the 139 following canonical form (Kemeny and Snell, 1976) :
In equation 1, Q i j represents the proportion of flows in transient state i directly moving to transient state 142 j. This is the case when an industry supplies a product, when a product is used by an industry and when a 143 product is exported from one region to another. Similarly, R i j is the proportion of flows from transient state 144 i directly moving towards absorbing state j. 145 Below we give more details on the content on the Q and R matrices. We define the following elements:
146
• 1 is a summation vector (column vector filled with 1). Its size is contextual.
147
• n is the number of regions.
148
• p is the number of products.
149
• q is the number of industries.
150
• t is the number of transport modes.
151
• S r is the domestic supply matrix of region r of size (p,q).
152
• S r = S r 1 is a column vector representing the local supply of each product whatever the producing 153 industry.
154
• (S r ) T = (S r ) T 1 is a column vector representing the total production of each industry of region r, whatever the product.
156
• U r is the domestic use matrix of region r of size (p,q).
157
• U r = U r 1 is a column vector representing the use of each product by industries of region r, whatever 158 the consuming industry.
159
• E r,s vector of exports from region r to region s of size p.
160
• T r,s matrix of transport from region r to region s of size (t,p)
161
• T r = s T r,s matrix of transport from region r to all other regions.
162
• T r = T r 1 is a column vector representing for each transport mode the total transport from region r.
163
• C r is the vector of consumption of region r of size p.
164
• Z r is the vector of total supply of region r of size q + p + t.
165
Vectors Z r are composed of 3 parts:
Matrices T r,s are computed based on 3 elements:
166
• E r,s trade flows from region r to region s, not necessarily expressed in real weight, for instance we use 167 the cereals grain equivalent unit, of size (p,1),
168
• w vector of conversion ratios from trade unit to real weight, of size (p,1),
169
• D r,s matrix representing distances of transport between regions, of size (t,p): each mode of transport is 170 one row of the matrix and each product is a column. For international flows, we estimate the distance 171 from/to the country of loading/unloading based on the mode of transport. Equation 2 therefore illus-172 trates the properties of matrices D r,s for international transport. For domestic inter-regional flows, we 173 exploit the SitraM database providing information both in tonnes and tonnes.kms for each good, mode 174 of transport, origin and destination. Hence it is possible to compute average distances (tonnes.kms / 175 tonnes) for each group defined by a good, mode of transport, region of origin and of destination. These 176 distances are good estimates of distances from facilities to facilities.
177
The following properties only hold when r or s are foreign regions, they don't in the case of French 178 interregional trade:
180
The transport matrices, which show results in weight.distances (typically tonnes.kms) are then computed as follow (note that we use the hat symbol to refer to the diagonal matrix created from a vector):
T r,s = D r,sŵÊr,s 5 The Q and R matrices presented below are respectively of size (n.(q+ p+t), n.(q+ p+t)) and (n.(q+ p+t), n.p). Q can be partitioned:
Then two matrices of interest can be computed, N and B:
Each row i of matrix B can be interpreted as the fate of sector/product i. For instance, the B i j term is 183 the proportion of i that is finally embodied in region-product j. As we will show it in the next section, it is 184 interesting to aggregate the terms either by product type or by region. If we define the Z vector as equation 185 4, we can compute matrixẐB, with the i j th term representing the amount of i finally embodied in region-186 product j. Finally, we can compute matrix L 3 as defined in equation 5 4 and its i j th term will be interpreted 187 as the amount of i needed in order to consume one unit of region-product j. previous diagnosis about regional water stress, and study the blue water footprint of cereals, that is the with-199 drawals of surface or groundwater. Table 2 presents the data sources used for estimating pressures from the 200 producer's viewpoint.
202
Extension of the AMC model to environmental pressures Let α be the number of environmental pressures under study, 5 in our case. We define matrix F so that F i j represents the direct emission of environmental pressure i by sector-region j. F i is the total environmental pressure i emitted, whatever the sector or region. Finally, f matrix is defined as: f i j = F i j /F i . We then extend our Q and R matrices as follow, in line with Duchin and Levine (2010):
We compute matrices N , B the same way as explained above:
summing all the paths taken from production to consumption. Similarly to IOA, it is however interesting to 204 compute the main paths contributing to this sum, using the Taylor decomposition of matrix N . We describe 205 the algorithm used for this purpose in the Supplementary Material. 
Results

207
In this section we present a range of questions than can be tackled with the model described above, stating Studying the fate of a specific product 214 As explained before, the model is focused on France and its main goal is to track resources and pressures 215 downstream. In order to illustrate this, we show the fate of corn grown in the Midi-Pyrénées region. This 216 example is of particular interest because water is becoming a major stake in this region both in terms of 217 quality (in particular, pollution by pesticides) and quantity. We use matrix B to produce the results. They 218 indicate that nearly two thirds of the corn is embodied in the consumption of foreign countries, pointing to 219 the internalization of environmental impacts in Midi-Pyrénées. Figure 1 shows Another way to exploit the results is to estimate supply areas for specific products. Starting from a final 228 Figure 1 : Fate of corn grown in the Midi-Pyrénées region. Darker color means greater consumption of corn or corn products. With nearly half of the regional production, Spain is by far the main destination. Additional cross-check with FAO statistics shows that Spain only exports about 1% of its corn supply. 10% of the production of corn in Midi-Pyrénées eventually serves local consumption, mostly under the form of meat (7%), seeds and losses and milk products accounting respectively for 2% and 1%.
product, it is interesting to trace back earlier production stages and to compute average supply distances 229 at each stage. This gives an idea of the degree of dependency of the region regarding the consumption of 230 this final product. To illustrate this, we use matrix L along with distances matrices to analyze the supply of 231 bread in the Provence-Alpes-Côte-d'Azur region (PACA). Figure 2 shows that the more we go back in the 232 supply chain the further supply areas are located: average supply distances for bread, flour and wheat are 233 respectively 55 km, 195 km and 470 km (distance is considered null for products originating from the PACA 234 region itself). Identifying the main life-cycle-steps producing environmental pressures 237 Table 3 shows total amounts of pressures produced (whatever the region of production) and splits them 238 among the production, transformation and transport phases using matrixF f . In all cases, the production Matrix L is used to compute productions needed in every region to satisfy the consumption of a specific 250 product in a specific region. We illustrate this with the example of French meat consumed in Italy 6 , Italy 251 being the first trade partner of France for this product. regions and saw that indices do not vary a lot (generally more or less 10%) except for the ones related to blue 258 water footprint and transport. This is explained by the fact that the production phase is the most significant 259 one, as we saw above. The difference in blue water footprint intensities can be explained by the variability 260 in cereal mix fed to livestock (corn being a lot more water-intensive than wheat). Identifying the main paths linking production to consumption 263 We use a structural path analysis (SPA) algorithm, inspired by Peters and Hertwich (2006b), on matrix B 264 in order to extract the main links between production of environmental pressures and final consumption of 265 products. The algorithm is described in Supplementary Material. Table 5 presents 
Limits of the model and perspectives of improvement
In this section, we discuss the limits of the model and some leads for future developments.
297
• The model is limited to the study of the cereals supply chain. For instance, soy cakes fed to livestock 298 are not taken into account because they are oleaginous. Two levels of improvement can be targeted 299 in the future to overcome this limitation. The first one is to apply the methodology on all the main 300 agri-food supply chains (oleaginous, sugar, wine, fruits and vegetables, animal breeding) in order to 301 have a comprehensive view on the food issue. The second one would be to extend the model to the footprints.
312
• Intra-regional freight is not taken into account because of a lack of information: the distance between 313 local crop fields and transformation industries in the same region is neglected, only inter-regional 314 and international distances are estimated. The fact that French regions have developed specialization 315 strategies, consequently relying a lot on inter-regional trade, makes it less problematic.
316
• Transport of consumers to local shops or to supermarkets is not considered. Rather than a technical 317 impossibility, it was left out of the model because the authors did not find useful for policy-making to 318 study the part of the travel to the supermarket that should be allocated to cereal products. It is however 319 an important question once the scope of the study widens to the full basket of a household.
320
• Currently, part of the pressures related to inputs at the farm are not traced back to their geographi-321 cal origin since LCA results are directly applied. This is for instance the case for GHG emissions 322 occurring during the production of fertilizers, which may be located elsewhere.
323
• Uncertainties associated with MFA results were previously estimated. Adding confidence intervals to understand what life-cycle stages (production, transformation, transport) are predominant regarding each 333 environmental pressure: regarding GHG, it appears for instance that the transport of goods, mostly through 334 13 road freight, is not negligible, which raises the question of fostering rail and river transport between French 335 regions and between France and its direct neighbors. Given the relatively small variability of cultural prac-336 tices in France, land use appears to be a good proxy of other pressures such as the use of pesticides. On the 337 contrary, the blue water footprint is driven by corn production and therefore concentrates on specific regions.
338
While previous studies have pointed out the major responsibility of corn production regarding water scarcity 339 in these regions (Ercin et al., 2012) , the analysis of the fate of corn production leads to two lines of thoughts.
340
First, consumption of animal products is by far the main driver of production, and prospective scenarios of 341 dietary changes should therefore be examined. Second, Spain appears as the main importer of French corn 342 and consequently externalizes the associated pressures on the local environment: in particular qualitative and 343 quantitative stresses put on water resources through the use of pesticides and irrigation. This situation points 344 to a limit of the study: only one supply chain was taken into account so we lack information on "net trade of 345 pressures" all activities considered. For instance, in return, France imports a lot of fruits and vegetables from 346 Spain, grown in regions with even greater water-scarcity. Hence, a comprehensive view with a multi-supply 347 chains approach is needed in order be more policy-relevant. Linking this study with recent works on Spanish 348 agri-food industries and mutli-regional input-output tables is a promising perspective (Cazcarro et al., 2013, 349 2014).
350
The choice of a subnational spatial resolution was motivated by the existence of leverages of regional 351 administrative levels but also by the potentialities it opens to analyze impacts of specialization strategies or 352 to compare environmental efficiencies of regional consumptions. Given the model's uncertainties, results are 353 not conclusive regarding inter-regional comparison of efficiencies except for the specific aspect of transport 354 for which we observe a large variability of regional profiles. On the contrary, results are useful for the 355 environmental evaluation of regional strategies, starting with the diagnosis. The level of detail of the model 356 provides a concrete picture of each territory, all the more so as a finer spatial resolution is achievable.
357
As stated in the introduction, the present work is part of a larger project aiming at the analysis of local implemented: reduction of protein intake (currently in surplus), reduction of food waste and reduction of 368 the proportion of animal proteins in the total intake. Concretely this translates into more direct cereal intake 369 but eventually less cereals need for food purposes. On the production side, the scenario suggest a 50% 370 proportion of organic agriculture by 2050, a division of corn export by two because of water stress and a 371 partial reaffectation of arable land (mostly prairies) freed from animal production towards energy production.
372
The work of regionalization of this scenario is in progress and it will eventually be useful for regional and 373 national decision-makers to be able to compare this vision of the future with a business as usual scenario.
374
The model and leads of development presented here are an important step towards this goal. We deliberately name this matrix L because it can be seen as an equivalent of the traditional Leontief matrix in IOA.
